INTRODUCTION
Radiation exposure is a continuing threat both from potential ''dirty bomb'' terrorist events and industrial accidents involving nuclear power or misplaced radioactive sources. Disasters involving radiological materials require specialized planning and preparedness to ensure the safety of first responders, for evacuation and medical treatment for potentially contaminated victims and for general crisis management. In the case of a radiological event, mass screenings of large sections of the relevant population will be required to separate exposed from nonexposed individuals and to determine the severity of the received dose in those determined to have been exposed (1, 2) . The identification of potential diagnostic biomarkers for use as radiation biodosimeters is critical for enabling physicians to formulate effective medical treatment in a mass screening scenario (3) . It is also exceedingly difficult to determine the level of exposure, due to variations in the radiation field, heterogeneity of exposure pattern, and uncertainties of total-body vs. partial-body irradiation, inhaled airborne particles or ingested products from ground contamination (4, 5) . Psychosomatical-induced symptoms also complicate triage during mass casualty events, particularly where potential radiation exposure is a concern, further highlighting the need for independent physiological biomarkers of radiation exposure (6) .
The ability to mitigate uncertainty of radiation exposure through biodosimetry applications will substantially improve medical management of casualties complicated by radiation exposure or contamination and provide additional resources to enhance confidence in communication with the affected public (7) (8) (9) (10) . As experiences from the recent Fukushima disaster illustrate, the need for deployable mass screening radiation biodosimetry methodologies is a relevant and current one.
A radiation biodosimeter can be characterized as a physiologic molecule with an expression pattern that is quantitatively altered when exposed to ionizing radiation. This comprises a very large field of disparate classes of molecules and technology platforms, including DNA, RNA and protein expression, chromosomal aberration, blood count changes and even metabolomics profiles. These potential markers are usually evaluated in blood, plasma, urine or saliva, sample types that are readily obtainable in a field setting, although some markers have also been explored in samples taken from both tooth enamel and nail and hair clippings.
This review of the most recent advances in radiation biodosimetry science addresses how far this field has progressed towards development of viable biodosimetry methodologies for field application through a discussion of the major findings in each area of research and through the use of a scoring assessment based on the phase of development ( Table 1 ). The maturity of each field is also evaluated by the number of publications over the last decade (Fig. 1) . Here we present the field of biodosimetry as representing a diverse and growing body of radiation biology research with immediate relevance to public health and security.
GENOMICS
Use of recombinant DNA technologies and bioinformatics to investigate changes in global genome expression constitutes the field of genomics. This powerful set of tools used to analyze changes in genomic expression specific to disease state and environmental factors is now being utilized to study radiation-induced changes in gene expression. For example, in one study utilizing qPCR, mRNA levels in blood taken from 0.5-10 Gy total-body-irradiated (TBI) mice collected at 12 h to 7 days after exposure were found to be highly predictive of radiation dose. Using mRNA levels from a relatively few number of genes, highly correlative accuracies between actual and predicted dose were established with Cdkn1a as the strongest predictor of dose assessment (11) . In a study using blood from pediatric cancer patients after 2 Gy myeloablative radiation therapy, several radioresponsive genes were identified, which correlated with increased expression in a TBI mouse model (12) .
In several studies, microarray analysis using blood samples from TBI mice, ex vivo irradiated human peripheral blood and TBI clinical patients was performed to identify gene expression signatures capable of separating irradiated from nonirradiated samples (13, 14) . When these model systems were compared, one study found that gene expression profiles generated from the ex vivo irradiated human samples and clinically irradiated patient samples were correlative, while gene expression signatures from the TBI murine model were not. This study also identified an 18-gene cohort that was highly accurate at predicting Notes. This table provides a scoring rubric for phases of development based on deployment readiness according to model type and recent application in documented clinical care of accidental human exposures. As indicated in the text, an additional assessment at each level includes the accessibility of either an automated platform (X) or laboratory surge capacity (Y). An automated platform is comprised of either high-throughput robotics or clinical laboratory processing capability. Laboratory surge capacity represents established networks for work-intensive co-laboratory scoring.
FIG. 1.
Aggregate number of publications for each field of biodosimetry was determined for the time interval between the years 2005-2015. Search terms in PubMed were used for each field, such as ''genomics AND radiation biodosimetry'', in addition to manually curated searches for each subfield. Only primary research articles were counted for this figure, and reviews were not included. The data is split to identify primary research articles and case reports from studies of actual accidental human exposures. The authors made every attempt to identify all biodosimetry related publications for each field. exposed radiation dose in both ex vivo and clinical TBI samples (14) In another study, gene expression profiles in the peripheral blood of partial-body-irradiated mice were examined at exposures of 0.5, 2 and 10 Gy, and were able to distinguish exposed from nonexposed animals, although gene signatures from TBI were not predictive of partialbody irradiation, nor were different partial-body irradiation predictive of each other as each type generated its own unique gene expression pattern (15) .
In a large study using peripheral blood irradiated ex vivo between 0.5 and 10 Gy, it was reported that a small group of genes, ASTN2, CDKN1A, GDF15 and ATM, were found to be highly predictive of exposed dose. Expression levels of these genes were predictive of exposures up to 6 Gy, with correlation accuracy slightly diminished at higher doses of 8 and 10 Gy due to saturation (16) . In one study using gene expression profiles identified from microarray gene expression analysis of human blood irradiated ex vivo, these identified genes were applied to samples taken from clinical patients who were total-body irradiated with either a single 1.25 Gy dose or an accumulated fractionated dose of 3.75 Gy. This gene cohort had a success rate of 96% for distinguishing between the respective radiation exposures of these clinical samples (17) . This same set of genes identified from human blood irradiated ex vivo has been used to develop a quantitative nuclease protection assay (qNPA) capable of generating expression profiles, using a platform that is more accessible for field deployment and requiring only extremely small volumes of blood. This method, which was tested on blood from healthy volunteers that was irradiated ex vivo, successfully differentiated irradiated and nonirradiated samples in a dose-dependent manner (18) .
The effect of radiation dose rate on gene expression has also been investigated in a mouse and human blood irradiated ex vivo model using either an acute exposure of 1.03 Gy/min or a low-dose-rate exposure of 3.1 mGy/min. These exposure patterns resulted in unique gene expression patterns at 24 h after exposure and were capable of separating acute and low-dose-rate exposures (19, 20) . These studies illustrate the possible utility of gene expression profiling to determine the level of radiation exposure as well as the type of radiation exposure and the dose rate.
While the predominant model for radiation exposure utilizes external TBI from X-ray and gamma sources, alternative models of exposure using internal emitters are now being investigated. Alterations to gene expression profiles were examined in mice using cesium-137 chloride ( 137 CsCl) as the radiation source. Genomic microarray analysis yielded different panels of upregulated genes depending on the time point after 137 CsCl injection. A comparison of expression levels of a relevant set of genes was performed using a single 2.8 Gy external radiation dose and the same accumulated whole-body dose of 2.8 Gy internally from a single intraperitoneal 137 CsCl injection, and yielded a substantial increase in gene expression with the internal exposure (21) . As all of these factors have relevance in the medical management of radiological casualties, genomic biodosimetry has the potential to be a powerful tool in medical triage of radiologic events.
Further studies examining alterations in gene expression due to inherent variance in population, disease state, psychological stress and combined injury for radiation exposure and expanded dose assessment profiles, as well as application of this technology to available human samples from accidental exposures will validate this platform as a viable methodology for radiation biodosimetry. Advances in genomic assessment of radiation response also have relevant clinical applications for patients undergoing radiation therapy. Such information may advance personalized care, and development of organ-specific signatures of radiation response could help mitigate normal tissue toxicity. Establishing a standardized panel of genomic signatures relative to dose and time of exposure will help advance genomics for practical field applications. For current phase of development, the field of genomics for biodosimetry assessment is ranked at 4A (Table 1) .
PROTEOMICS
Changes in cytokine, chemokine and other proteomic profiles have been explored for potential application in estimating unknown radiation exposures. C-reactive protein (CRP) and serum amylase were among the first identified protein biomarkers of radiation exposure. Dose-dependent increases of serum amylase have been observed in patients undergoing total-and partial-body radiotherapy, and elevation of serum amylase after radiation exposure was also observed in victims of the Tokai-mura criticality accident (22) (23) (24) . The relationship between radiation injury and activation of the acute-phase response is also well established with correlations between CRP elevation and onset and severity of acute radiation syndrome (ARS) (4) . Elevation of acute-phase proteins such as CRP and serum amyloid A (SAA) were also reported to increase in a dosedependent manner after irradiation (25, 26) .
Efforts to discover additional radiation-responsive proteins are ongoing. One study using irradiated human cell lines of hematological origin screened 161 individual proteins using Western blotting and identified 55 radiation-responsive proteins. The feasibility of applying these in vitro determined targets to a TBI canine model was also demonstrated, with a similar trend between in vitro and in vivo responses to radiation for an example target protein (27) . Expression profiles of several individual protein biomarkers have been examined for their relationship to received radiation dose and exposure pattern. In a TBI nonhuman primate (NHP) model, dose-dependent increases in CRP, SAA, FIT3 Ligand (FL), Interleukin-6 (IL6) and amylase were observed in the peripheral blood (28) (29) (30) . Similar changes in expression were seen in plasma for SAA, FL, IL6 and G-CSF in TBI mice models (31) (32) (33) . Partialbody exposures have also been shown to correlate with plasma expression of SAA, FL and G-CSF using a murine model (34, 35) . These studies were able to show relative increases in expression of plasma biomarkers correlating to an increasing area of partial-body exposure (26, 36) .
Investigations into radiation-induced changes to the proteome relevant to partial exposures are also being explored. In one study, changes to the urine proteome by LC-MS/MS were evaluated after 10 Gy TBI or 10 Gy dose locally administered to the kidney in rats. Interestingly, among the many changes in protein content observed after irradiation, the decline in urinary albumin was greater with TBI than with a local acute exposure to the kidney alone (37) . This study highlights the relevance of exposure type on the resulting proteomic profile.
A study to examine changes of the glycosylation state of serum proteins in acute partial-body exposures in mice noted changes in MALDI-MD generated glycomic profiles of irradiated animals, in addition to increased expression of IL1B, IL6 and TNFa after exposure. Using 2D-DIGE analysis in this study, similar trends were also observed in the serum proteome profiles of locally irradiated mice and one human patient who accidently received an acute partialbody radiation exposure (38) . In one recent study of human saliva, the salivary proteome of single-and accumulatedfraction TBI patients was screened, and IL8, MCP-1 and ICAM-1 were identified as radiation-responsive proteins with elevated expression after exposure, which correlated with accumulated dose; and in another study evaluating cytokine levels in saliva from patients undergoing head and neck radiotherapy, a dose-response relationship was reported for expression of IL4, IL6, IL8, EGF, VEGF, MCP-1 and TNF-a (39, 40) . The utility of proteomic markers of radiation response in a variety of models has been demonstrated, and the evaluation of FL, citrulline, oxysterols and other protein markers has even been incorporated into the medical management of recent radiological incidents (41, 42) .
Proteomics based approaches to biodosimetry have potential as a useful, deployable point-of-care diagnostic due to technological advances in the methodology allowing ease of use and high-throughput capability and stability of the analyte under field conditions. In addition, studies have shown a highly correlative relationship of expression with received dose. For example, several studies have shown that expression of cytokine FL, exhibits a direct relationship to the amount of radiation and has been used previously in clinical assessment of accidental exposures. (34, 36, 43) . While a single marker or small panel of proteomic markers to determine dose has great utility for dose assessment, further proteomics studies are needed to evaluate internal exposures, other types of radiation exposure and preexisting clinical confounders. With the imminence of field-applicable technology and high-throughput capability, there is still no field-deployable platform for proteomic assessment of radiation dose. The current ranking for proteomics for phase of development is 4B(X) based on the use of proteomics in accidental case studies (Table 1) . Radiation-responsive proteins represent a new and functional methodology for determining radiation exposure and show promise as one of the leading emerging platforms for radiation biodosimetry.
METABOLOMICS
The field of metabolomics comprises the study of the metabolome and the investigation of changes in the global population, of the metabolite products in the body under different experimental conditions. Metabolite profiles or the sum changes in chemical byproducts of cellular processes are now being studied for their application in radiation biodosimetry (44) . Plasma citrulline has been established as a marker of radiation-induced damage to the small bowel, and several clinical studies have shown elevated plasma citrulline to be a predictor of intestinal toxicity in patients undergoing radiation therapy. (45, 46) . The relationship between citrulline and gross histological tissue damage to the gastrointestinal system has been well validated in murine and other animal models, and there are ongoing efforts to further characterize this biomarker for radiation exposure (45, 47) .
Novel metabolite profiles that correlate with dose response were recently found in a TBI NHP study in urine where a unique panel of 13 metabolites was identified at day 7 postirradiation using ultra-performance liquid chromatography quadrupole time-of-flight mass spectroscopy (UPLC-QTOF-MS). These metabolites evidenced dose-dependent expression between 2 and 10 Gy indicative of metabolic changes to tryptophan and taurine metabolism, steroid hormone biosynthesis, purine catabolism and fatty acid b oxidation. Sex-linked trends within the metabolite profiles were also observed in NHPs (48) . Changes in metabolite profiles relative to exposure were also seen at earlier time points between 12 and 84 h postirradiation in NHPs that received 1-8.5 Gy TBI (49) .
Distinct metabolite signatures were observed in a human study using urine from TBI cancer patients. Samples were taken after either a single dose of 1.25 Gy TBI at 6 h postirradiation or after an accumulated dose of 3 fractions of 1.25 Gy. Global metabolomics profiling was achieved using UPLC-TOFMS resulting in identification of seven metabolites that demonstrated markedly different patterns of expression after irradiation. The identified metabolites represent changes to metabolic pathways including fatty acid b oxidation and purine catabolism. Differences in metabolite expression patterns were also observed between male and female patients in this study (50) . In global metabolic profile analysis, was also able to separate urine samples taken from partial-body irradiated prostate cancer patients receiving fractionated radiotherapy from corresponding nonirradiated samples (44) . A review of radiationsensitive metabolite markers in urine across species revealed increased expression of taurine and xanthine in mice, NHPs and humans (48) .
Studies in mice to examine the effects of internal 137 Cs exposure on metabolomic and lipidomic profiles in serum and urine have shown radiation-induced changes to metabolites associated with fatty acid and amino acid metabolism. At an accumulated internal 137 Cs dose of 2 Gy, metabolomic profiles in serum clearly differentiated irradiated from nonirradiated mice (51, 52) . Acute external exposures of 8 Gy TBI in mice have revealed key changes to metabolite signatures involved in amino acid, carnitine and lipid metabolism (53) . Dose-dependent changes in metabolite expression were also seen using GC-TOFMS in serum from a TBI rat model receiving gamma exposures between 0.75 and 8 Gy. This study identified nine metabolites with expression that directly correlated with received dose (54) . In another study of a rat model, a metabolomics approach was used to determine the effects of chronic low-dose internal exposures from ingested natural uranium or 137 Cs. In this system, LC-MS detected metabolomic profiles in serum and urine unique to the internal exposure (55, 56) .
Metabolomics has proven to be a powerful tool in the identifying radiation-induced changes to metabolic processes after both external and internal radiation exposures. While the technology platform is not currently field deployable, establishment of surge capacity laboratory resources could make this analysis a valuable diagnostic addition to medical management of radiologic casualties. Metabolomics is ranked 4B(X) within the late development phase category based on its proof of concept, use in select human accidental exposure studies and accessibility of plasma citrulline assessment through clinical laboratory support (Table 1) .
TRANSCRIPTOMICS
Transcriptomics is the study of the complete body of RNA products encoded by the genome, including mRNA, siRNA and miRNA, and is currently under investigation for potential applications in the field of biodosimetry. miRNA expression is known to be radiosensitive, as these molecules are integral to cellular responses to radiation-induced oxidative stress (57) . One recent set of experiments, utilizing miRNA signatures in serum taken from a TBI mouse model, identified miRNA-200b, miRNA-762 and miRNA-150 as responsive to radiation with expression levels that correlated with dose at exposures between 1 and 8 Gy at 24-48 h postirradiation. Their relative trends of expression remained similar with a clinically relevant fractionated dosing regimen up to 12 Gy. The authors report that miRNA-150 is a strong contender for use as a biomarker for radiation exposure, because its expression negatively correlates with increasing radiation dose, it is expressed in lymphocytes and it is a known regulator of hematopoiesis. miRNA-150 expression also correlates with lymphocyte depletion kinetics. These recent studies of miRNA-150 serum expression in mice suggest it may have potential use as a biomarker of radiation exposure and radiation effect to the hematopoietic system (58) . In a murine model analyzing changes in miRNA expression using plasma from 0.5, 2 and 10 Gy TBI animals, distinct miRNA profiles were also expressed in a dose-and timedependent manner. In addition to the exposure-driven profiles, miR34a upregulation was reported in all irradiated samples in this study (59) .
In another study evaluating serum miRNA signatures in C57BL6 and humanized TBI mice given sublethal or lethal radiation doses, miRNA profiles, which were able to differentiate eventual lethality at 24 h postirradiation, were determined. These serum miRNA signatures were found to correlate with residual hematopoietic stem cell status and demonstrate the potential for miRNA to serve as a biomarker for radiation injury in addition to dose (60) .
Evaluating the effect of combined injury in the form of TBI concurrent with hemorrhage, a trauma state predicted to be common in a radiological event, one study using a mouse model determined that combined injury alters expression of miRNA in the kidney with changes of miR-29b, miR-30e and let-7e expression. Ingenuity pathway analysis associated these miRNAs with hematopoiesis and inflammatory function (61) .
Correlation of miRNA expression has also been explored in a comparison of different radiation types, including lowand high-linear-energy transfer radiation. In a study comparing TBI exposures of c-ray or iron-56 ( 56 Fe) ions, miRNA expression profiles were examined using whole blood from irradiated mice. Under these conditions 31 differentially expressed miRNAs, associated with the various irradiation profiles, were identified. Using Geneontology (GO) analysis these miRNAs were found to be primarily involved in regulation of transcription, nucleic acid metabolism and development. Further, specific miRNA expression profiles were found to be dose-and time dependent as well as specific to radiation type. These miRNA signatures serve as a proof-of-concept illustration of the utility of miRNA as a biomarker of both radiation quantity and quality (62) .
To our knowledge, there are only a few reported studies examining radiation-induced miRNA expression relative to dose in human systems. In one of these studies, using an ex vivo irradiated human blood model, a few changes were noted in miRNA expression at doses of 0.5, 2.5 and 5 Gy, with significant changes at 1 Gy (63). Given the highly conserved homology between human and mouse miRNA, there is potential for applicability of mouse model miRNA expression signatures to human physiology. Studies that reveal the radiation bystander effect on miRNA profiles, including persistent alteration of the miRNA population in the spleen after cranial irradiation, demonstrate the potential use of miRNA profiling for partial-body exposures, as well (57) . miRNA profiling has relevant future applications as a biomarker of radiation exposure and radiation injury. With the addition of future studies that expand on existing dosethreshold modeling and further analysis of clinical samples, the miRNA platform may serve as a valuable tool in the field of biodosimetry. Within the scoring rubric for phase of development, transcriptomics generally ranks at 2, since the majority of studies have used murine models; however, since there is at least one clinical study, the field qualifies for a score of 4A (Table 1 ). This field of biodosimetry, however, still requires substantial development based on its minimal number of publications over the last decade (Fig.  1) . Development of a cohesive panel of miRNA signatures associated with dose assessment profiles and further studies, including accidental human exposures, should provide the additional validation needed to advance this field of biodosimetry.
CYTOGENETICS
Cytogenetic techniques have historically been used for estimation of unknown radiation exposures to determine biological dose assessments. These techniques include scoring of chromosomal aberrations with the dicentric chromosome assay (DCA), the micronucleus assay or cytokinesis-block micronucleus assay (CBMN), the premature chromosome condensation assay (PCC), fluorescence in situ hybridization (FISH) and the recent addition of c-H2AX scoring as a cytogenetic tool. While each of these assays has specific advantages, DCA remains the ''gold standard'' among these techniques for estimation of radiation exposure (64) . The feasibility of using cytogenetic analysis for total-and partial-body estimates of radiation exposure has been demonstrated using the DCA in cancer patients treated with different dose rates and different radiation fields to the same area of the body (65) . Measurement of c-H2AX foci has been shown to be an effective method of estimating dose for both total-and partial-body exposures using human ex vivo and TBI NHP models (66) (67) (68) (69) Mathematical modeling of cytogenetic data to predict unknown whole-body dose has classically used a linearquadratic model for assessment of dose prediction and is freely available in application software such as CABAS. However, there is currently growing acceptance of Bayesian methodologies, since they allow inclusion of previous information about the circumstances of exposure (70) (71) (72) . More user-friendly software platforms based on Bayesian modeling have been developed to estimate radiation exposures including CytobayesJ and radir, a cytogenetic biodosimetry dose estimation application tailored for use in the R software platform (73, 74) . Application of Bayesian modeling has also been developed both for estimation of partial-body exposure amount and to identify the fraction of the body irradiated (75) . MULTIBIODOSE is one example of an application that serves as a software interface designed to coordinate biodosimetry efforts with a laboratory network combining information from multiple assay techniques, both biological and physical, to deliver a single dose assessment for triage decision (76) .
While cytogenetic techniques are well established for unknown dose estimation, they are not well suited for mass casualty scenarios because they require extended incubation times and highly trained technical interpretation. To adapt these techniques and address such situations, attempts have been made to establish surge capacity networks of laboratories capable of meeting the need for processing large numbers of samples and to develop high-throughput technology for decreasing output times. In a recent NATO exercise, the ability of a network of 11 institutions to provide dose estimates from ex vivo irradiated blood samples was tested, using DCA, CBMN, c-H2AX or gene expression assays. The results of this study revealed that DCA provided dose estimates with the highest degree of accuracy among the different assays tested and a wide level of variability was observed among the network laboratories, perhaps due to each site using their own particular protocols for each of the cytogenetic assays tested (77) . This exercise shows the need for developing a uniform protocol for use in mass dose assessment scenarios. Other studies comparing variance among laboratories have shown the feasibility of co-laboratory efforts for dose-exposure screening, using the DCA, c-H2AX or gene expression assays, including a MULTIBIODOSE exercise where DCA, CBMN and c-H2AX were used with successful correlation of dose estimates (78) (79) (80) (81) (82) (83) .
Another effort to make the DCA assay more applicable to mass screening is to create an international network of laboratories to participate in a web-based platform for collaborative scoring of DCA images. This step is the most labor intensive in the DCA process, utilizing the expertise of scientists experienced in dicentric scoring from around the world, and represents a surge capacity resource for dose estimation. Such a study, done through the European MULTIBIODOSE project, revealed statistically comparable results among the respective laboratories, with reliable dose estimates (84) . Considerable work has also been done to create global biodosimetry networks as a resource for radiological emergencies, including the WHO-sponsored BioDoseNet, the IAEA RANET and the European-based RENEB, as well as networks in North and South America and Japan (64, 85) .
The development of automatic platforms capable of supporting cytogenetic assays has been recognized as a necessary step towards the application of cytogenetic methodologies for large scale screening. Within the framework of the European MULTIBIODOSE network, automatic scoring of dicentrics has been tested in a laboratory intercomparison study with promising results (86) . In another study using automated detection of dicentrics for partial-and whole-body irradiation, the automated detection method was found to be 33 faster than manual scoring while yielding similar dose estimates (87, 88) . The Columbia Center for High-Throughput Minimally-Invasive Biodosimetry (Columbia University Medical Center, New York, NY) has developed an automated cytogenetics system called the Rapid Automated Biodosimetry Tool (RABiT), which is a high-throughput robotics platform capable of performing CBMN, DCA, c-H2AX and chromosome banding (mBand) assays and is compatible with a multi-well plate format. The platform is currently functional and the technology is being optimized for used with commercially available robotic platforms (89) .
Although this technology is not currently applicable as a point-of-care diagnostic, it is the most historically relevant assay for biological dosimetry, as reflected in cytogenetics possessing the greatest number of publications compared to other fields in biodosimetry within the last ten years (Fig.  1) . With the establishment of surge capacity laboratory resources and development of high-throughput automation of cytogenetic assays, this classic methodology is given a modern application for future radiological events. The field assessment score for cytogenetics is a 5(X, Y). It remains to be seen whether new biological assessment platforms for radiation dosimetry will replace this classic technique.
LYMPHOCYTE KINETICS/CLINICAL EXAM
Lymphocyte depletion kinetics, time to emesis and monitoring of other clinical signs and symptoms represent a potent methodology for determining degree of radiation exposure. Basic clinical signs and symptoms associated with prodromal ARS such as nausea, vomiting, diarrhea and hypertension can be used in basic triage dose assessment. Time to emesis after exposure has been shown to correlate with dose (6) . Hematological changes observed in the immediate timeframe after irradiation, such as lymphocyte depletion, an abortive rise in neutrophils and an increase in the ratio of neutrophils to lymphocytes can provide early confirmation of significant radiation exposure (29) . The Biodosimetry Assessment Tool (BAT) software platform, developed by the Biological Dosimetry Research Program at the Armed Forces Radiobiology Research Institute (Bethesda, MD), incorporates clinical symptoms with lymphocyte depletion kinetics to provide dose estimates in a user-friendly interface. The Radiation Event Medical Management (REMM) web portal also allows an easy interface to predict radiation exposures either by lymphocyte depletion, time to emesis or DCA data (90) .
Multivariate approaches utilizing the integration of protein biomarker assessment concurrent with lymphocyte depletion kinetics and traditional evaluation of clinical signs and symptoms is now being used to determine biological dose prediction (4). Compared to traditional cytogenetic techniques, hematological markers are faster and utilize existing high-throughput methodologies. In several studies, it has been reported that a combined approach using analysis of blood cell populations with concurrent measurement of serum-soluble protein biomarkers shows a strong correlation between predicated and actual received dose in mouse and NHP models (28, 29, 31, 33, 91) . In addition, successful use of a multivariate approach in the clinical management of victims of the Dakar radiation accident was reported, in which 63 individuals were screened to determine the level of radiation exposure using a combination of classic cytogenetic biodosimetry, evaluation of blood cell population and measurement of FL. This combined approach helped in prioritization of treatment, and a correlation of dose assessment between the classical cytogenetic analysis and combined blood cell population profile and FL status was observed (43) .
HemoDose is a dose prediction software platform capable of estimating such exposures either shortly after a radiological event, or up to four weeks postirradiation, by combining counts from four cell types in a compartmental modeling approach. The use of this modeling platform potentially overcomes previous confounders to using blood cell depletion as a measure of radiation exposure, as it allows dose estimates to be rapidly obtained using blood cell counts alone (92) . It has been suggested that dose estimation based on lymphocyte depletion alone is not suitable for triage biodosimetry, due to potentially confounding effects from inherent biological variability in addition to the complication of combined injury. There are also practical concerns; for example, the most informative initial lymphocyte counts must be taken shortly after the event, which may not be possible, and monitoring of lymphocyte counts must be done serially, which is not conducive to mass clinical care (93) .
Although screening serial lymphocyte counts in a large field may not be feasible, this methodology might be used as a secondary assessment tool in a clinical setting once radiation exposure has been confirmed in the field. Evaluation of basic symptoms, such as time to emesis and onset of diarrhea, is conducive to field screening and might be used synergistically with other biodosimetry platforms. While the development of designer biomarkers of radiation exposure is both appealing and necessary, it is important to remember the utility of basic dose estimates using standard clinical management techniques. Lymphocyte kinetics is ranked in the late development phase, 4B(X), based on available clinical support and its use in multiple accidental exposure studies.
ELECTRON PARAMAGNETIC RESONANCE (EPR) BIODOSIMETRY
Electron paramagnetic resonance is a promising and unique methodology for radiation biodosimetry, which uses a form of magnetic resonance spectroscopy to measure radiation-induced free radical formation in materials such as hydroxyapatite found in tooth enamel and bone and in keratin found in nails. Unlike biological biodosimetry, EPR is noninvasive and free of potential biological confounders such as preexisting disease states, confounding trauma response, psychosomatic variables and interindividual radiosensitivity (94, 95) . Using a modified system developed for noninvasive measurements and field application, EPR can now be used to take in vivo measurements of radiation exposure directly from the tooth enamel surface. Advantages of the EPR system include the ability to obtain immediate dose-exposure estimates on site without further processing and the ability to take repeated measurements, as the process is nondestructive and does not alter the inherent signal. In addition, EPR is not sensitive to dose rate or fractionation, since it estimates the total accumulated exposure up to the time of measurement. While incidental background ultraviolet (UV) radiation exposure has been suggested as a potential confounder of EPR dose estimates, published studies thus far have concluded these small exposures, while relevant from an epidemiological viewpoint, show little relevance in a triage setting (96) . Furthermore, the benefits of EPR include a lack of time sensitivity, since the stability of radiation-induced EPR signal is immediate and exceeds the average human lifespan (97) .
Electron paramagnetic resonance can be used to assess partial-body exposures through measurements taken from tooth enamel and nails from different limbs, although with heterogeneous exposure patterns EPR might not detect localized exposures to other parts of the body. EPR dose estimation using fingernail samples has also been recently utilized in accidental exposures involving the hands. As many accidental exposures include localized irradiation of the hands, obtaining an effective dose assessment for this specific partial-body exposure is very useful (98, 99) Electron paramagnetic resonance has a dose-response linearity of up to 30 Gy, and is sensitive to free radical formation from charged particles, X rays, gamma rays and internal contamination (96, 100) . EPR can detect neutron radiation over a range of energies but at a reduced sensitivity compared to gamma radiation, which can potentially be used to differentiate gamma from neutron exposures (101, 102) . EPR has been used previously to reconstruct dose estimates using tissue samples taken from survivors of Nagasaki and Hiroshima, as well as exposed individuals from Chernobyl and the Techa River region (103) (104) (105) (106) . For application in a radiological event setting, a field-deployable prototype has been developed and tested successfully in mock simulations in the field using normal human volunteers and previously irradiated clinical patients (100) The process is relatively efficient with read times per individual of approximately 5 min, allowing a single EPR unit to potentially screen up to 275 people in one day. It is also accurate, with the current field unit capable of obtaining dose assessments within 0.5 Gy of the actual exposure, allowing identification of exposures above the target threshold of 2 Gy with relative accuracy (94) . Because EPR technology is insensitive to biological processes, it should be used in conjunction with other biodosimetry tools. Nevertheless, its utility as a firstresponder screening tool to separate exposed individuals from the unexposed population makes it a valuable addition to the radiation biodosimetry field. Further development of fingernail dosimetry will advance the ease of use of EPR technology for mass casualty screening. Although EPR is not automated, it does have surge capacity capability through the use of multiple units, and field-deployable systems have been tested. EPR is ranked 4B(Y) based on these criteria and its recent use in several accidental exposure dosimetry assessments.
NASCENT MODELS OF BIODOSIMETRY
Electron spin resonance (ESR) spectroscopy was used to evaluate the applicability of human hair assessment for dosimetric analysis. In this study we used human hair samples irradiated ex vivo that received doses between 5 and 50 Gy and ultrahigh exposures up to 750 Gy, and differences in ESR baseline profiles were noted based on hair follicle color. Although the study demonstrated a doseresponse relationship to .5 Gy, this magnitude of exposure required for detection is not practical for the triage setting (107) . Plucked hairs from TBI NHPs have successfully been used to demonstrate dose prediction with c-H2AX foci analysis and illustrate a potential application as a method for partial-body dosimetry (66, 67) . Evaluation of fecal microbiota by microarray analysis demonstrated alteration in the fecal microbiota profile in rats after 10 and 18 Gy TBI with single or multiple fractions. Several of the observed altered floras are present in both human and rat feces, serving as a potential methodology for dose assessment (108) . These model systems represent emerging methods for determining radiation exposure and are considered in the investigative phase of development based on their novel status.
FUKUSHIMA AND BEYOND
Development of biological dosimetry models estimating internal exposures from radionuclides is highly relevant, since a majority of projected exposures from a radiological event will be from radionuclide dispersal (10) . After the events of Fukushima, the major source of concern for radioactive exposures was from external or internal contamination of iodine-131 ( 131 I), 124 Cs and 137 Cs (109). Whole-body counter scintillation detectors were used to screen hundreds of thousands of people for radionuclide exposure (110, 111) . Screening to determine contamination was accomplished primarily with the use of hand-held scanners and whole-body counter technologies. Surveillance of radionuclide contamination in the food supply and the environment was used and continues to be used to model predicted biological exposures in the population (112) (113) (114) . While there is an increasing body of evidence that the exposure levels received from radionuclide fallout from Fukushima were too low to increase cancer risk, there is significant unresolved psychosocial and mental stress in the population experiencing the event and over 350,000 individuals are currently being monitored for possible effects of low-dose radiation over their lifespans (115) . In all areas of management of this recent radiological event, a method for biological dose assessment would have been useful. Such a method might have alleviated the significant psychological concerns of the ''worried well'', provided personalized dose effect estimates to individuals with internal radionuclide contamination and provided a means for monitoring real biological dose effects for contaminated food consumption and environmental exposures. Biomarkers for dose assessment have significant potential and broad applicability to the many aspects of these scenarios.
The field of radiation biodosimetry has greatly advanced in the last decade, with the development of novel methods for evaluating dose effect in biological systems in the areas of metabolomics, transcriptomics and gene expression. Cytogenetic methodologies are being developed with the future promise of high-throughput capacity, and EPR has been modified for easy field deployment. Lymphocyte depletion kinetics used in combination with expression levels of plasma proteins has already been applied to the clinical management of accidental exposures, and the development of new models of radiation biodosimetry continues.
Future directions for the field of biodosimetry involve the application of these new biomarker dose assessment methodologies to exposure scenarios more closely modeling actual field exposures, including internal contamination from ingestion or inhalation of radionuclides, accumulated fractionated exposures and different qualities of radiation, including neutron radiation. This is highly relevant, since the majority of the existing biodosimetry models are used to evaluate acute gamma or X-ray exposures, which is not applicable to the triage scenario in an actual radiological event where most exposures will be fractionated and from a mixture of radiation qualities. Dose estimates using these new biomarkers also need to be tested in models using combined injury, as the inflammatory response and other biological pathways affected by trauma will complicate evaluation of biomarker expression for dose. Use of these emerging methodologies for evaluating radiation dose should be applied further to understand not only received radiation dose but radiation effect and the complex interaction of biological processes involved in multi-organ failure in ARS. This will address the prevailing thought in the field of biodosimetry that these models of received dose are not really measuring radiation ''dose'' but radiation ''effect'' or correlating the biological effect of radiation exposure in a living system to a physical radiation dose in a quantifiable way.
The use of radiation biomarkers to predict level of exposure must also address inherent variance in radiosensitivities across a population. Segregating a population for treatment based on the established 2 Gy threshold may not be the most efficient approach; there will likely be some highly sensitive individuals manifesting biological effects similar to that of a 3 Gy exposure upon receiving a 1.5 Gy exposure, and others not needing immediate medical intervention at doses between 2 and 3 Gy. Application of these biodosimetry assessment tools needs to be further modeled in special populations to include preexisting disease states, as well as the elderly and pediatric populations. Adaptation of this biological science to developing field use technology needs to continue with attention to ease of use, low processing times and rugged engineering, and these future clinical diagnostics need to be integrated with existing emergency management concepts of operations for radiological event planning. This includes practical considerations such as how to label and track samples linked to patients in a disaster setting, building on previous efforts to develop sample tracking systems for biodosimetry assessment (116) . How biodosimetry data will integrate with triage systems and how this information will affect subsequent medical management, countermeasure administration and scarce resource allocation also requires consideration.
The most promising and potentially immediately useful platforms for biodosimetry include cytogenetic assessment using surge capacity laboratory networks, proteomics-and genomics-based technologies, which are being developed for field application and EPR. Lymphocyte depletion kinetics has the advantage in its use of an established clinical assay, but requires serial collection of samples and may not be suited to mass casualty scenarios. Transcriptomics and metabolomics remain alternative useful methodologies for biodosimetry assessment, however, they are not readily applicable in triage settings at this time.
In a recent concept-of-operations (CONOPS) assessment of various biodosimetry platforms, similar findings were reported for cytogenetics and blood cell counting as the only biodosimetry diagnostics with immediate capacity for operational use. For this assessment, biodosimetry technologies were ranked based on their technology readiness level score and their suitability to support medical management of radiological exposure scenarios within the military medical support system (117) .
As appropriate human models of radiation exposure are not available to validate emerging biodosimetry techniques, greater collaboration between basic research laboratories and clinical management of accidental human exposures needs to occur. While limited, these accidental partial exposures occur regularly in industry, as well as due to lost sources in many countries. Increased efforts are needed to utilize and share human samples from these exposures, not only to advance the field of biodosimetry, but to elevate the level of clinical care for exposed victims (118) .
With the accumulated body of biodosimetry research currently available and the application of this science to high-throughput technologies underway, there have been great strides in efforts to prepare for a large scale radiological event, although there is still more work to be done. Greater collaboration within each field of biodosimetry would benefit the development of a standardized panel of biological markers for dosimetry assessment. Assessing the application of radiation biodosimetry in special populations, and development of a rapid assay for assessment of partial-body exposures is needed. Critical organ-specific markers of radiation toxicity also need to be identified and validated. Testing novel prototype technologies in field settings and further investigation and more rigorous modeling of established proof-of-concept research is also needed to make the final step towards practical applications and true emergency readiness.
